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Sustainable low temperature synthesis of oxide nanoparticles. Stabilization of colloidal dispersions free of organic precursors or surfactants.
Influence of hydrodynamic parameters and physicochemical properties. Thin films preparation by the dipcoating method and their optical properties.
Promising method for enhanced efficiency in the preparation and use of nanomaterials.
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The preparation of pure crystalline oxide nanoparticles (with controlled composition, size and shape) and formation of stable suspensions free of complex organic precursors was developed and optimized at room temperature (or below 100 C). This reproducible water and ethanol synthesis and solution stabilization of oxide nanoparticles is based on Mn 3Àx Co x O 4 (0 x < 3) composition materials. To our knowledge, this is the first study on the complete MneCoeO spinel system synthesized at low temperature. The main hydrodynamic parameters, as well as the physical and chemical properties that control the oxide precipitation and nanoparticle size and morphology were characterized in detail for the family end member Mn 3 O 4 and used for the other compositions. X-ray diffraction and Scanning Electron Microscopy images showed the influence of the alkaline solution concentration, pH, temperature and solvent on the nanoparticles properties. Neutron diffraction was used for determining the cationic distribution in two compositions, i.e. CoMn 2 O 4 and MnCo 2 O 4 . While the tetrahedral site is mainly occupied by Co 2þ , four types of cations were determined for the octahedral sites. Zeta potential and rheological measurements were performed to determine the stability region of nanoparticles in aqueous solution. This innovative and low cost process was used to produce homogenous and crystalline metal oxide thin films that can be used as solar absorbers in various applications. Their optical properties were characterized. A second absorption edge, due to cobalt and observed in the visible region, is attributed to an intermediate band gap, which is a very important feature, especially for future solar cells. This sustainable synthesis of oxide nanoparticles and thin film preparation procedure is applicable to other oxide families.
Introduction
Light absorber materials are the key components of systems that are capable of transforming solar energy into an useful energy for our modern needs. Photosynthesis, photochemistry, photocatalysis and photovoltaics are important research areas that study the interaction of light within a system in the aim of activating chemical reactions and/or producing electricity. Transition metal oxides, which crystallize with the spinel structure, are among the different families of light absorber materials. These have always been considered with a great attention thanks to their very interesting optical, electrical and magnetic properties related to the multi-valence cation. During the last decades, these were largely studied for various types of applications including photothermal conversion [1, 2] , pigments for paints [3, 4] , thermistors [5, 6] catalysis [7] etc … Moreover, transition metals are naturally abundant and transition metal oxides are usually chemically stable with no adverse effect on the environment.
The initial motivation of this work was to produce homogenous and crystalline metal oxide thin films by a simple process that can be used as solar absorbers in solar cells. In particular, oxide thin films of spinel type can be incorporated in all-oxide photovoltaic cells, a new field in photovoltaics as evidenced by Rühle et al., in 2012 [8] . Most of the components of optoelectronic systems should have no toxicity, improved capabilities and favor miniaturization. Thin layers of nanomaterials can be prepared by different techniques: physical vapor deposition [9, 10] , chemical vapor deposition [11, 12] , serigraphy or electrochemistry [13, 14] , but most of them remain complicated or expensive to use. Tape casting, spin-coating and dip-coating are now very well developed techniques which enable the preparation of homogenous thin films that can be extended to a larger scale at low costs. These techniques require stable solutions of precursors. Nowadays, the solegel method is the most frequent process used for the elaboration of coatings at low temperature [15e17]. However, this method usually implies the use of non-environmentally friendly complex organic agents and surfactants. Their removal also generally implies thermal decomposition which can strongly deteriorate the thin films.
We developed a simple synthetic approach for preparing crystallized nanoparticles of solar light absorber oxides at room temperature by inorganic polycondensation, mainly in water. The main parameters responsible for the spinel oxide nanoparticle crystallization in solution with controlled shape and size were studied in detail for the end member Mn 3 O 4 of the spinel MneCoeO family. A meticulous work based on the understanding and control of the physical and chemical properties of particles in aqueous solution allowed us to extend the synthesis to the whole range of compositions Mn 3Àx Co x O 4 (0 < x < 3) and to obtain a full set of pure manganese and cobalt spinel oxide stabilized sols. Oxide thin films were then prepared at ambient atmosphere by the dip-coating method and their optical properties studied over the UVeVis-IR regions.
Materials and methods

Preparations of oxide nanoparticles, colloidal dispersions and thin films
The precipitation method, which consists of mixing an aqueous solution of metal salts with an alkaline solution, is a simple, robust and low cost method. The condensation of cations in solution, depending on their nature and valence, as well as the aqueous medium conditions (Temperature and pH, essentially) can lead to the formation of oxide particles with tailored size and morphology that are directly crystallized in solution. Under our standard synthesis conditions, a volume of 100 mL of metal sulfate salt precursors (99% MnSO 4 
Characterizations
Crystalline state and phase purity of the spinel oxides were characterized by X-ray diffraction (XRD) at room temperature with a Bruker D4 ENDEAVOR diffractometer using CuKa radiation (40 kV, 40 mA).
Scanning Electron Microscopy (SEM) images used for determining particles morphology and size, and for thin film surface were obtained with a JEOL JSM 6700F Microscope equipped with a Field Emission Gun.
Chemical analyses of the elements Mn, Co, Li and S were realized by Induced Coupled Plasma and Atomic Emission Spectrometry (ICP-AES) using a Jobin-Yvon 2000 instrument.
Neutron diffraction data were collected at room temperature on the Super D2B instrument available at the Institut Laue Langevin (ILL), Grenoble, France, in order to determine the cation distribution. Around 3 g of sample powders were inserted into vanadium cylinders for measurements. Only two spinel oxides (CoMn 2 O 4 and MnCo 2 O 4 ) could be run through the easy access process available at the ILL. The Super D2B instrument has a 135 take-off angle and 128 3 He detectors. Powder diffraction patterns were recorded using a 1.5941 Å wavelength in the 10e160 2q range with a 0.05 step and a scan of 500,000 counts. All neutron data were analyzed for structural determination using the Rietveld method compiled with the FULLPROF program [18] . Typical structural parameters were refined, in order: scale factor, first terms of the background, zero shift, cell parameters, peak shape factors, atomic positions, thermal factors, absorption coefficient and site occupancies. Bond valence sum (BVS) calculations were also performed using the neutron data and the FULLPROF program considering two cations (Co 2þ and ) for the octahedral sites based on previous results [19, 20] . The cation concentrations on the octahedral site were calculated by determining the individual bond valence sums obtained for two cations of a same element, which were averaged to the equivalent charge of the element.
Zeta Potential measurements were performed with a Zetasizer 3000 Malvern Instrument at a wavelength of 633 nm in order to determine the best pH areas for preparing colloidal suspensions. First, each oxide solution containing anionic flocculates was dispersed in distilled water to obtain a 0.001 volume fraction of particles. Each solution was then divided into ten equivalent parts that were studied under various pH conditions. Half were diluted with different quantities of 1 M nitric acid (pH < 7) and the other half with different amounts of potassium hydroxide (pH > 7). HNO 3 and KOH were chosen since K þ and NO 3 À ions are hardly adsorbed at the particle surface and do not modify the thickness of the ionic double layer. Particle granulometric distribution in colloidal dispersions was measured by Dynamic Light Scattering or DLS with a Zetasizer 3000 Malvern Instrument. In the case of a monodisperse distribution, the granulometric distribution is calculated by default using the cumulative method and indicated in percentage of intensity. The distribution in number is determined by Mie's theory from the intensity distribution. Each solution was diluted before DLS analysis but the pH and the salinity (or ionic strength) was the same as that for the concentrated original colloidal dispersion. In our study, three identical dilute dispersions were tested for each dispersion with an average of ten points for each dilute solution. A maximum uncertainty of ±5 nm was found over the whole range of measurements.
The rheological behavior of each colloidal dispersion was obtained for a spinel oxide solution concentration of 60 g L À1 with an Anton Parr MCR301 system by using a cone-plane type geometry (50 mm in diameter, 1 angle and 50 mm separator).
Optical transmittance and reflectance of oxide thin films deposited on 5 mm thick commercial glass substrates in the 300e1100 nm wavelength range were measured with a PV-300 from Bentham.
Topographic and roughness surface analyses were realized with a ZYGO instrument based on Mirau's interferometry and the Metropro software. This scanning white light interferometry technique provides a vertical scan range of up to 1 mm, and a lateral resolution of 0.5e1.2 microns (depending on the objective used Â 40 or Â 10, respectively).
Results & discussion
Influence of hydrodynamic parameters, physical and chemical properties for the precipitation of Mn 3 O 4
A better understanding of the phenomena that control the synthesis of the nanoparticles with tailored size and morphology is important for their use as colloidal suspensions. The particle size strongly depends on the nucleation stage. Therefore, a study of the hydrodynamic conditions during the mixing of precursors and control of the physical and chemical characteristics of the environment (dilution, temperature, concentration, dielectric constant of the solution etc …) is essential to control the synthesis of oxide nanoparticles. This study first focused on Mn 3 O 4 and then extended to a variety of manganese and cobalt spinel oxides in order to prove the large potential of this technique and to adjust the optical properties of nanomaterials based on composition.
For a precipitation initiated by the mixing of reactants, the way of mixing and speed are essential parameters. The nucleation stage, which is the first part of the precipitation, occurs at the reactants interfaces. A fast agitation induces a turbulent mode which is more efficient for the interaction of reactants and dispersion in the medium. The turbulent mode chosen here was maintained by a double blade mixer, with a diameter covering half of the beaker, and a constant speed of 300 rpm to avoiding bubbles that formed at higher speeds.
The precipitation of hydroxides and oxides is due to deprotonated water molecules coordinating to the hydrated cationic complex favored by the alkaline medium. A small pH variation is recommended in order to minimize the presence of heterogeneities. Therefore, we decided to introduce the salts in a much larger volume of the buffered alkaline solution. In order to ensure complete dissolution of the solid phase and to avoid heterogeneous nucleation the concentration of the precursor salt solution was
, which is around ten times larger than the salt solubility in distilled water at 20 C. A stirring time of 30 min was chosen. During the aging period, a dissolution/reprecipitation phenomenon can occur, which is usually related to the precipitate solubility. This modifies the particle size and morphology with time. However, for very strong alkaline media just like in our precipitation environment (pH > 12), hardly any dissolution/precipitation phenomenon occurs. The condensed phases formed after introducing the metal salts solution in the alkaline medium are thus thermodynamically stable.
Alkaline solution dilution and supersaturation
The driving force of the precipitation is the supersaturation (S) as it is a crucial parameter for the particles crystal phase, size and shape. S can be determined in different ways, especially as a function of the species concentrations in solution or the chemical potentials related to the species activities. The latter is more relevant when the precipitation process involving the kinetics of product formation is very fast. The determination of S is complex with Mn 3 O 4 as the cation presents two different oxidation states. The solution supersaturation in our system was calculated for the Mn(OH) 2 intermediate phase at 25 C at three different volumes of alkaline solutions (150, 460 and 1400 mL) corresponding to concentrations of LiOH (C) equivalent to 0.419, 0.137 and 0.045 mol L À1 , respectively. At these conditions, S decreases from 6.6, 4.6 to 2.3 (Â10 8 ), respectively. For high S values (>10 3 ) the nucleation rate increases and the growing stage is limited. SEM images and associated histograms (Fig. 1) show monodisperse preparations of oxides. Particle shape is identical but the average particle size decreases almost linearly with dilution. For C ¼ 0.045 mol L À1 , the average particle size is 41 ± 12 nm. XRD patterns (Fig. 2) show that pure Mn 3 O 4 is formed for each synthesis. As the alkaline solution concentration decreases, the average crystallite size, determined by the Debye-Scherrer formulae, decreases from 122 ± 59 to 30 ± 7 nm. So, when the dilution is increased, S and particle size both decrease. However, a lower S value should slow down the process of nucleation and favor the increase in the size of particles. A small variation in the very high S values, before and after dilution, will not influence the mechanisms of nucleation and growth, which are strongly related to the diffusion of the growing units. In conditions where S is high, the nucleation process is predominant and more homogeneous in the whole solution. Also, a dilute medium limits contacts between pre-existing nuclei and growing units which facilitates the generation of small particles.
Speed of reactants introduction and pH
According to Nielsen in 1964 [22] , the uniform homogenization of the medium for a precipitation by a mixture of solutions is closely related to the type, speed and duration of mixing. The way the salt solution is introduced into the alkaline solution induces a variation in pH and modifies the contact points between reactants. We tested two extreme conditions of mixing: a slow introduction of the salt solution (drop by drop) with a constant debit over a period of time equivalent to 30 min, and a fast introduction (speed ¼ 5.5 L s À1 ) with the use of a large funnel. Note that the slow introduction of salt and the stirring period end at the same time. In this case, the pH varies almost linearly with time ( Supplementary  Information 1) . For a fast introduction, the initial pH value of 12.2 decreases abruptly by one unit in a minute then tends to stabilize for the next 6 min before decreasing again to a pH value of 11.2 (reached after 400 s) which remains constant until the end of the stirring sequence. Note that XRD analysis of the powder extracted from the solution after the first minute of fast introduction shows that crystallized Mn 3 O 4 alone is observed therefore excluding a dissolution-reprecipitation process (see Supplementary  Information 1) . The final pH is identical in both cases. SEM images and associated histograms show that the only difference between the oxide particles obtained after each path of salt introduction into the alkaline solution is their average sizes, d ¼ 27 ± 12 and 41 ± 12 nm for a slow and fast introduction, respectively ( Fig. 1c and d) . A similar crystallite size of 28 ± 7 nm is determined by the XRD patterns analysis of pure Mn 3 O 4 obtained in both preparations. The slow introduction of a metal salt solution in an alkaline solution brings a constant amount of material without abrupt modification of the alkaline pH solution and creation of important heterogeneity zones. The nucleation process is therefore more homogeneous. However, a slow introduction can favor growth of particles. This is visibly hampered by the use of a very dilute medium. Knowing that an asymptote of the pH value is reached for a large amount of OH À ions, we did the synthesis with a constant pH (pH~12.3) for the whole mixing period by adding the salt solution to a large excess of LiOH powder (Â1.6 the usual amount) dispersed in the same volume (1400 L) of alkaline solution. SEM images (Fig. 1c and e) and XRD patterns show that oxide nanoparticles crystallize as single crystals of similar shape and size (d ¼ t ¼ 28 ± 6 nm) compared to a slow introduction process (Supplementary Information 2) .
Dielectric constant of the solvent
A change in the dielectric constant of the solvent used for preparing the alkaline solution can modify the number of nuclei and shape of particles created during the precipitation process [23] . The species solubility in the solution is directly related to the dielectric constant and will modify the S value. Experiments were carried out under our standard conditions with three different water/ethanol volume ratios: 100/0, 80/20 or 60/40. A comparison between SEM images shows that the average particle size decreases (d ¼ 28, 26 and 20 ± 5 nm, respectively) when the dielectric constant of the medium decreases (Supplementary Information 3) . This dielectric constant decreases from~90 for pure distilled water to~61 at 25 C for a 60/40 volume ratio of water and ethanol. Crystallite sizes extracted from the full width at half maximum (FWHM) of pure Mn 3 O 4 XRD patterns (Supplementary Information 4) using the Debye-Scherrer model are identical to the average particle sizes obtained from the SEM. The variation of the solution dielectric constant modifies the attractive forces between ions of opposite charges according to Coulomb's law. Ethanol gives a smaller dielectric constant than water. The use of ethanol decreases the solubility of the salt solution and the precipitating agent mixed together, which increases the medium supersaturation.
Also, the influence of the temperature on the synthesis was studied. The average particle size and distribution are larger at 50 C than at room temperature (see Fig. 1e and Supplementary Information 5).
Mn 3Àx Co x O 4 (0 < x < 3) nanoparticles
Our synthesis method developed and optimized for Mn 3 O 4 was applied to a larger range of compositions, with general formula Mn 3Àx Co x O 4 (0 < x < 3). CoMn 2 O 4 and MnCo 2 O 4 have already been prepared by soft chemistry methods [24] . This is the first study known to the authors on the complete MneCoeO spinel system synthesized at low temperature. The preparation of pure spinel oxides over a wide composition range is not straightforward. For instance, Aukrust and Muan's phase diagram shows the complexity of preparing pure manganese-rich spinel oxides at low temperature [25] . Such pure oxides can be obtained by usual solid state chemistry after quenching from high temperature or soft chemistry methods generally followed by thermal treatments. In the manganese and cobalt spinel oxide family, a structural transition is observed for a composition close to Mn 1.4 Co 1.6 O 4 at room temperature. In our case, stoichiometric amounts of metal salts were mixed together in water before pouring into the alkaline solution following our standard conditions. . ICP-AES analyses also showed a very small concentration of Li þ (lower than a few hundreds of ppm) and a maximum sulfur quantity of 0.3 wt% which remained after each sample precipitation. This proves the efficiency of our synthetic method and washing steps for the removal of most of the residual elements from each solution. XRD measurements were performed on each sample after precipitation (Fig. 3) [6] . Note that for the cobalt-rich spinel phases, the solution needs to be refluxed at 100 C for up to 2 h (see Fig. 3b and c) .
The width and height of the (111) peak of the oxide phase indeed tend to indicate that a crystalline mixed oxy-hydroxyde phase is formed for Co-rich samples. The main intensity for the latter phase is observed at 21 in 2-Theta, which corresponds to the (003) reflection. This intermediate phase was also observed for the pure cobalt sample preparation [26] . This peak vanishes after refluxing for one and 2 h for Mn 
. Inset shows (211) showed that a maximum of conductivity was obtained for a similar distribution, according to Verwey's law and the polaron hopping mechanism [6, 24, 27] .
Colloidal dispersion stabilization of oxide nanoparticles
Many techniques such as electrophoresis, doctor blade, serigraphy, dip-coating or spin-coating were developed for the thin film preparation starting from a colloidal dispersion. Their advantages are numerous compared to the vapor deposition techniques: simple, low cost, no vacuum is required, possible extension to large surfaces etc … We chose the dip-coating technique for our thin film preparation. The quality of the thin layer, which can be evaluated by a homogeneous distribution of nanoparticles on the substrate, thickness, density and presence of cracks … is highly dependent on the physical and chemical properties of the colloidal dispersion (degree of particles dispersion, solvent volatility, sol viscosity, substrate wettability …). After synthesis and centrifugation, the spinel oxide particles are maintained together as anionic flocculates by different attractive forces, mainly Van der Waals forces and surface tension at the liquid/particle interface. Ultrasonication at 35 kHz for 5 min was performed to break apart the agglomerates of particles in aqueous solution. Surface charges of oxides are due to the polarization of the oxygen electronic density by the metal which lowers the hydroxyl groups at the surface. Depending on the cation nature and oxidation state close to the oxide surface, differences in the type and number of hydroxyls groups are observed. Zetametry measurements were undertaken for each spinel oxide to determine their IsoElectric Points (IEP) and domains of colloidal dispersion stability (Fig. 5) . The IEP values progressively increase with the cobalt content, varying from 7.0 for Mn 3 O 4 to 10.5 for Mn 0.5 Co 2.5 O 4 . These results indicate that the surface basicity of particles increase with the amount of cobalt. For all mixed spinel oxides, a large domain of constant zeta potential is observed for pH < 7. Zeta potential values of 40 ± 4 mV indicate a good stability of colloidal dispersions. A coloration of solution was observed for pH values lower than 6 due to partial dissolution of particles. Therefore, all preparations were peptized at pH ¼ 6 with nitric acid and stabilized with an azeotrope mixture containing 96 vol.% of absolute ethanol and 4 vol.% of ultrapure water.
The granulometric distribution determined by the DLS method is given for each spinel oxide in Fig. 6 . All solutions are monodisperse with a narrow particle size distribution. The hydrodynamic particle average diameter decreases when the cobalt content increases in the mixed spinel oxide, with a maximum of 148 nm for Fig . 6 shows the viscosity variation as a function of the shear strain for each colloidal dispersion of spinel oxide. Two types of rheological behaviors can be identified: (i) for the Mn-rich phases with x 1.5, which crystallize in the tetragonal structure, viscosity decreases with the constraints and a hysteresis is observed, indicating a rheofluidifying and thixotropic behavior while (ii) for the Co-rich phases of cubic symmetry with x > 1.5, viscosity remains constant over the whole measurement range which corresponds to a Newtonian behavior. Colloidal dispersions were stabilized for a few weeks up to six months and were used as such for the preparation of spinel oxide thin films at room temperature. A colloidal dispersion concentration of 60 g/L was chosen in order to obtain the thinnest possible homogeneous oxide layer on glass substrate (~300 nm). Note that this can also be achieved on quartz, metal and alloy substrates. Also, the azeotrope mixture containing essentially ethanol (96% in volume) allowed an excellent wettability of the substrate.
Spinel oxide thin films preparation by the dip-coating method and their optical properties
Oxide thin films of a thickness close to 300 nm were deposited with a NIMA DC small dip-coater from Lot-Oriel (withdrawal rate of 200 mm/min) on sodocalcic glasses (5 mm in thickness) which were preliminary cleaned with an alkaline detergent. FEG-SEM images show homogeneous layers and no cracks, although a better uniformity and compactness of the surface is noticed for the Corich phases, which contain smaller particles (Fig. 7) . The surface profile of each oxide single layer was generated by white light optical interferometry measurements (see insets in Fig. 7) . The 3D reconstructions show small uncovered entities on the substrate for the two manganese-rich phases Mn 3 O 4 and Mn 2.5 Co 0.5 O 4 and the average arithmetic roughness is 0.23 ± 0.06 mm for both samples. In these small areas, the light goes straight through and is not reflected by the glass substrate, which generates dips in the surface profile. These dips are not present for higher cobalt concentrations and the surface is much more regular, homogeneous and compact with an arithmetic average of roughness surface of 0.012 ± 0.003. Single layer porosity is related to the physical and chemical properties of the dispersions, particularly to their stabilization by electrostatic repulsions. Particles rearrange to form a compact layer during the drying process. Xu and Anderson (1991) showed that the electrostatic repulsion forces were responsible for the film porosity [28] . The probability of particles to agglomerate increases with the lowering of the particles repulsion energy. In our case, the average zeta potential decreases at pH ¼ 6 when the cobalt content increases. During the retrieving stage of the substrate, the progressive solvent evaporation brings the particles closer to each other. For Mn-rich phases, minimizing the repulsive forces limits their reorganization and increases the film porosity.
The optical properties of all our spinel oxide thin films were determined at room temperature after subtracting the influence of the glass substrate. Transmittance (T) and reflectance (R) were measured from the UV region to the IR region, i.e. 300e1100 nm. The Absorbance (A) spectra were deduced from the transmittance and reflectance measurements by using the simplified relation: A ¼ 1 À T À R (Fig. 8) . Energy band gaps of spinel oxide semiconductors were determined by using Tauc's relation [29] . The best fit of (ahy)
x vs hy curve plotted for each sample was for x ¼ 2, which corresponds to a direct gap. The absorbance spectrum for Mn 3 O 4 shown in Fig. 8 is in accordance with the literature [30] . Three main areas can be isolated: (1) in the UV region, below 400 nm, where the absorbance is maximum (~98%) and fairly constant; (2) from 400 to 600 nm where the absorbance decreases abruptly and almost linearly down to~17%; and (3) ) configuration with a lifting of the e g degenerated levels due to the Jahn-Teller effect. The insulating behavior usually observed in the direct spinel structure of Mn 3 O 4 is not necessarily in contradiction with the low energy band gap between the valence band and conduction band which characterizes a semi-conductor. In the first case, the large resistivity of the spinel oxide is due to the isolation of one type of cation on each crystallographic site, which hampers the hopping of polarons (and thus the electronic conduction) otherwise observed when an element with two oxidation states (n and n þ 1) are on the same type of crystallographic site, preferentially the octahedral sites due to shortest distances. In the second case, the energy levels related to the atomic orbitals as defined by the band theory, are reasonably separated (E g < 3 eV) to create electron/hole pairs when under sufficient external energy, for instance heat or solar absorbance. The maximum absorbance observed in the UV region is generally attributed to a charge transfer between the oxygen p orbitals towards the d orbitals of the Mn 2þ and Mn 3þ cations [30, 31] . Small intra-atomic ded transitions between Mn 3þ in octahedral crystal fields can occur at higher wavelengths and the interactions become negligible near the IR region. An optical direct band gap of 2.6 eV was determined for Mn 3 O 4 (see Fig. 8 [34] . This gap shift towards higher energy values, associated with a blue shift, is due to a quantum confinement related to the small particle size and the separation of the continuous band into discrete levels. Such large optical band gaps are interesting for optoelectronic applications with light emission in the low wavelength regions. On the contrary, low gap values show an interesting aptitude of the material for solar absorbance as required for example in photocatalysis or photovoltaics. The variations in the absorbance spectra for the mixed spinel oxide materials Mn 3Àx Co x O 4 (0 < x < 3) are similar to that of Mn 3 O 4 with a general decrease of the absorbance with the increasing wavelength (see Fig. 8 ). However, the presence of cobalt in the spinel structure induces systematically a second absorption front near 700 nm in wavelength. This front is also observed in the end family member Co 3 O 4 [35] . Two band gaps are thus determined for each mixed oxide using Tauc's relation, associated to the two main peaks observed in the absorbance curve. Both band gaps decrease when the cobalt content increase (see Fig. 8 ). The highest band gap energy decreases from 2.6 eV for Mn 3 O 4 down to 2.1 eV for Mn 0.5 Co 2.5 O 4 . This is not due to the particle size and a quantum confinement effect since the Co-rich phase particles are the smallest while the haussmanite structural type material presents the largest particles. We believe that the decrease in the two energy gaps is directly related to the presence of lower empty d levels due to the presence of cobalt creating also an intermediate level in between the valence band and conduction band of the semiconducting materials, as previously reported [37] . Further investigations will be necessary in order to confirm this assumption. But the presence of an intermediate band in semi-conducting oxide materials that can be crystallized by a simple process at room temperature and deposited by a low-cost method as thin films will open very interesting opportunities for advances in electronics and optics. 
Conclusions
The low-temperature sustainable synthesis and solution stabilization of functional nanoparticles was developed. This water and ethanol synthesis and solution stabilization of oxide nanoparticles was used to study a series of compounds with Mn 3Àx Co x O 4 (0 x < 3) general formula.
Firstly, the main conditions that monitor the size and shape of the oxide nanoparticles directly crystallized at room temperature by precipitation were defined for Mn 3 O 4 . Increasing the alkaline solution (LiOH) concentration increases the supersaturation value and decreases particle sizes. Therefore, fast metal salt introduction into a much larger volume of a supersaturated and buffered alkaline solution rapidly stirred under turbulent conditions at room temperature can generate small oxide particles of isotropic shape. Mixed spinel oxides of manganese and cobalt were prepared using our standard conditions. For the Co-rich phases, a further reflux stage at 100 C up to 2 h is required to obtain pure mixed spinel oxides. The cation distribution was determined for the CoMn 2 4 and a large plateau of high zeta potential (40 ± 4 mV) in acidic conditions allowed the preparation of colloidal dispersions for a pH~6. Monodisperse solutions in azeotropic medium (ethanol/ water ¼ 96/4 vol.%) were formed. The hydrodynamic particle diameter in such azeotropic medium decreases with the cobalt content. Mn-rich solutions are rheofluidifying and thixotropic while the cubic phases follow a Newtonian behavior.
Thirdly, spinel oxide thin films (~300 nm) were prepared by the dip-coating technique. These films exhibit strong solar absorbance at low wavelengths and then direct energy band gaps were determined. A second gap, which is observed systematically for Cocontaining spinel oxide phases, was associated with the generation of an intermediate state in the optical band gap.
Recently, this method has been successfully extended to other families of spinel oxides including cuprates. In addition, our preliminary results indicate that the process can be adapted to synthesize ZnO, CuO, and Cu 2 O, and has the potential to accommodate a wide range of target chemistries and stoichiometries and therefore, can constitute a promising method for enhanced efficiency in the preparation and use of nanomaterials containing critical elements. Moreover, since this innovative process does not require any organic reactant or polymeric agent, it is inherently low cost and can be easily adapted for large-scale production.
